Summary: Electrophysiological responses to transient hypoxia were studied in neocortical brain slices from adult gerbils. Evoked responses and direct current (DC) potentials were recorded in layer III of the parietal cortex under normoxic and hypoxic conditions. The excitatory synaptic component of the evoked waveform was identi fied by its sensitivity to calcium and 6,7-dinitro quinoxaline-2,3-dione (DNQX). Under normoxic condi tions, hypothermia reduced excitatory synaptic re sponses in a temperature-dependent manner. Under hypoxic conditions, hypothermia prolonged the delays to synaptic loss and hypoxic depolarization in a tempera ture-dependent manner. Synaptic recovery following a Recent years have witnessed a renewed effort to elucidate the efficacy and mechanisms of hypother mic protection of ischemic neurons. The majority of these studies have focused on the hippocampal for mation and the well-described process of delayed postischemic cell death in the CAl region. In gen eral, hypothermia administered during and/or soon after global forebrain ischemia is neuroprotective (Busto et aI., 1987 and 1989a; Minamisawa et aI., 1990), although some exceptions have been re ported (Welsh and Harris, 1991) . The effect of hy pothermia has also been examined in a model of focal cerebral ischemia. The volume of cerebral in farction following occlusions of the middle cerebral artery has been reported to be reduced by hypother mia maintained before, and for 1 h following, arteReceived September 23, 1992; final revision received Decem ber 16, 1992; accepted January 12, 1993. Address correspondence and reprint requests to Dr. Kevin S. Lee, Box 420, Health Sciences Center, University of Virginia, Charlottesville, VA 22908, U.S.A.
Recent years have witnessed a renewed effort to elucidate the efficacy and mechanisms of hypother mic protection of ischemic neurons. The majority of these studies have focused on the hippocampal for mation and the well-described process of delayed postischemic cell death in the CAl region. In gen eral, hypothermia administered during and/or soon after global forebrain ischemia is neuroprotective (Busto et aI., 1987 and 1989a; Minamisawa et aI., 1990) , although some exceptions have been re ported (Welsh and Harris, 1991) . The effect of hy pothermia has also been examined in a model of focal cerebral ischemia. The volume of cerebral in farction following occlusions of the middle cerebral artery has been reported to be reduced by hypother mia maintained before, and for 1 h following, arte-fixed period under hypoxic depolarization was greatly en hanced when hypoxia was administered at reduced tem perature. The findings demonstrate that evoked re sponses are reduced under hypothermic conditions, but that these responses are sustained for a longer period of time during hypoxia. The data suggest that hypothermia protects against hypoxic damage to excitatory synaptic mechanisms in the neocortex both by prolonging the de lay to hypoxic depolarization, and by extending the pe riod of hypoxic depolarization that can be tolerated. Key Words: Brain slice-Neocortex-Hypoxia-Gerbil Hypothermia.
rial occlusion (Onesti et aI., 1991; Chen et aI., 1992) ; however, exceptions to this effect have also been reported (Morikawa et aI., 1992) . The optimal means for effecting neuroprotection with hypother mia therefore remain to be established.
One approach to elucidating the neuroprotective role of hypothermia is to characterize the physio logical events modified by hypothermia during hyp oxia; a clear understanding of the basic mechanisms underlying hypothermic neuroprotection is essen tial to the development of optimal therapeutic strat egies. The present study investigated the influence of a range of hypothermic conditions in slices from gerbil parietal cortex on (a) excitatory synaptic re sponses during hypoxia, (b) the delay to hypoxic depolarization (HD), and (c) the recovery of excit atory synaptic responses following a sustained pe riod of hypoxic depolarization.
MATERIALS AND METHODS

Adult Mongolian gerbils (Meriones unguiculatus)
weighing 60-80 g were anesthetized with ether and killed by decapitation. The basic procedures for preparing cor-tical brain slices were similar to those described previ ously for rat cortex (Lee, 1982) . Briefly, the brains were rapidly removed and placed in cold, artificial cerebrospi nal fluid (ACSF). The ACSF consisted of the following (in mM): 110.2 NaCI, 2.9 KCI, 1.1 KH2P04, 2.1 MgS04, 1.8 CaCI2, 22.8 NaHC03, 8.9 glucose. This medium was bub bled with 95% O2: 5% CO2 to reach a pH of 7.4. Using a razor blade, the brains were first hemisected at the mid line, and then one of the hemispheres was bisected in a horizontal plane followed by a sagittal section. The supe rior lateral quadrant of this dissection was placed on a tissue chopper and brain slices were cut in a coronal plane at a thickness of 400 IJ.m. Brain slices containing the pa rietal cortex at the level of the striatum were placed in a petri dish containing ACSF. Slices were then transferred to a holding chamber at 35.5°C and maintained at interface with a humidified atmosphere of 95% O2:5% CO2 (i.e., normoxic conditions). After a postmortem period of at least 1 h, slices were transferred individually to a record ing chamber as required. Two to four slices were studied from a given preparation.
The slices are essentially coronal sections from the neocortex; it is therefore possible with translumination and the aid of a dissecting microscope to identify the cortical layers. A bipolar stimulating electrode was posi tioned under visual guidance near the layer IV-V border in the slice. A glass microelectrode filled with 3 M NaCI (1-5 Mil) was placed in layer III near the position of the stimulating electrode. Stimuli were delivered once every 15 s, and the amplitude of evoked cortical potentials was measured in response to a range of stimulation intensities. During the course of an experiment, most stimuli were administered at an intensity adjusted to elicit a response of approximately 60% of the maximal amplitude. Direct current (DC) potential was recorded with another glass microelectrode of the same construction positioned in layer III. Hypoxic conditions were achieved by substitut ing 95% N2:5% CO2 for the normal 95% O2:5% CO2 in the atmosphere of the recording chamber (but not in the ACSF). The standard temperature in the recording cham ber was 35.soC. In hypothermia experiments, the temper ature was adjusted to 25, 27, 30, or 33°C before and during hypoxia.
A stable baseline of evoked responses was established under normoxic conditions at 35.soC for at least 15 min. The temperature was then adjusted and evoked responses permitted to stabilize at the new temperature. Approxi mately 30 min was typically allowed for the equilibration of temperature. Hypoxic conditions were then initiated and maintained until the occurrence of HD. The delay to HD was measured in all slices (n = 87) for quantitative assessment.
A second series of experiments (n = 63) examined slices maintained at 25, 27, 30, 33, or 35 .soC. In these slices, hypoxia was sustained until 20 min following HD, i.e., a total of 21-30 min duration of hypoxia, depending on the delay to HD in each slice. The maximum amplitude of evoked potentials was obtained before hypoxia by test ing a range of stimulation intensities at several depths of penetration of the recording electrode within layer III. Following hypoxia, the electrodes were repositioned to obtain optimal responses and a range of stimulation in tensities was again tested at several recording depths within layer III. A recovery ratio was calculated by di viding the maximal posthypoxic response by the maximal prehypoxic response. The magnitudes of the recovery ra-
tios were then compared among the groups subjected to different temperatures.
A third set of slices (n = 8) was maintained under normoxic conditions during the entire experiment. In these slices, two manipulations were performed to iden tify the synaptically driven component of the evoked waveform. Slices were superfused with a low calcium medium (0.2 mM) which is insufficient to support synap tic transmission. Normal calcium levels (1.8 mM) were then reestablished. The effect of 6,7-dinitroquinoxaline-2,3-dione (DNQX; 5 IJ.M) on evoked responses was also examined. DNQX is a selective antagonist of the gluta mate receptor subtype which prefers u-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMP A); this sub type of receptor mediates excitatory synaptic transmis sion at many sites in the central nervous system.
Statistical analyses of the effect of hypothermia on the time required to elicit HD and on the recovery ratio were performed using a one way analysis of variance followed by the Scheffe procedure.
RESULTS
General aspects of evoked potentials in the neocortical slice
Evoked responses recorded in layer III of the pa rietal cortex exhibited a waveform similar to those described previously in rat neocortical slices (Lee, 1982) . The evoked responses were characterized by a small, short-latency, negative deflection followed by a larger negativity (Fig. 1) . The shorter latency negativity is thought to represent axonal potentials and/or the antidromic activation of cortical neurons whereas the longer latency potential is reported to be synaptic in origin (Lee, 1982; Aroniadou and Teyler, 1991; Bear et aI., 1992) .
Effects of low calcium and DNQX on evoked responses
The two components of the evoked waveform were examined by lowering the concentration of calcium in the ACSF to 0.2 mM calcium; this con centration of calcium is insufficient to support syn aptic transmission. In the presence of low calcium ACSF, the longer latency negativity was eliminated whereas the shorter latency negativity appeared un changed (Fig. 1) . These findings are consistent with a synaptic origin of the long-latency negativity. To examine whether the synaptic component of the evoked response represents an excitatory, gluta matergic response, the effect of the AMPA receptor antagonist, DNQX, was examined. DNQX (5 flM) virtually eliminated the synaptic component of the evoked response whereas the early negativity was unaffected. Taken together, these findings are con sistent with previous studies of neocortical slices (Lee, 1982; Aroniadou and Teyler, 1991; Bear et aI., 1992) in which the longer latency negativity is due to synaptic potentials and the shorter latency neg- 
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ativity reflects axonal potentials and/or antidromic activation of neurons in the vicinity of the recording electrode.
Effects of temperature on evoked responses
The thermal sensitivity of cortical responses was examined by changing the temperature in the re cording chamber from the standard 35SC to 33, 30, 27, or 25°C. The amplitude of synaptic responses was progressively attenuated by reduced tempera ture. In addition, the latency to peak negativity was increased at lower temperatures. The early, non synaptic component of the evoked responses was also reduced but to a lesser extent than the synaptic responses (Fig. 2) .
Effects of hypoxia at 35SC
Transient hypoxia resulted in a characteristic se quence of changes in the electrophysiological re sponses (Fig. 3) . In most slices, the synaptic re sponses declined first. The early negativity was eliminated later, and the timing of its precipitous loss coincided with the occurrence of HD. The HD is characterized by a sudden, large negative shift of extracellular DC potential (12-24 mY). In a few slices, the loss of synaptic responses occurred si multaneously with the loss of the early negativity and the onset of HD. The average delay to HD at 35SC in these studies (n = 19) was 1.20 ± 0.23 min (mean ± SD).
Temperature dependence of hypoxic changes
The effects of hypothermia on cortical responses to hypoxia were examined at 25, 27, 30, and 33°C (n = 16, 13, 22, 17, respectively). The decay of the synaptic component of the evoked waveform during hypoxia was slowed in a temperature-dependent manner. Both the synaptic and nonsynaptic re sponses were sustained longer when hypoxia was induced at lower temperatures (Fig. 3) . At all tem peratures, the loss of the early, nonsynaptic re sponses coincided with the onset of HD. Figure 4 shows the delay to HD in the individual groups; the differences in these delays were statistically signif icant. In these experiments, oxygen flow was rees tablished immediately following HD. The post hypoxic DC potentials recovered to the pre hypoxic level completely in all groups. Time to the complete recovery of DC potentials was 1.07 ± 0.32, 0.98 ± 0.18, 1.13 ± 0.31, 1.16 ± 0.23, and 1.51 ± 0.37 min at 35.5, 33, 30, 27, and 25°C, respectively (statistical difference was found only at 25°C compared with other groups by Scheffe' s multiple comparison test). In addition, synaptic responses recovered to 89.9 ± 11.8, 92.3 ± 6.5, 88.4 ± 12.4, 90.7 ± 6.5, and 82.1 ± 17.8% of their prehypoxic levels at 35.5, 33, 30, 27, and 25°C, respectively (there was no statis tical difference between the groups), during 8-15 min after the reoxygenation.
Neuroprotection by hypothermia
The effects of hypothermia on the recovery of synaptic responses were examined in another series of experiments following a more prolonged period of temporary hypoxia. In these experiments, slices were maintained at 25, 27, 30, 33, or 35SC (n = 10, 
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2 ms 11, 10, 11, and 21, respectively). Hypoxia was ad ministered for a period which lasted until 20 min following the onset of HD in each slice. Under nor mothermic conditions (35SC), 20 of 21 slices ex hibited no detectable recovery of the synaptic po tential whereas one slice showed 11 % recovery. In contrast, slices maintained at lower temperatures exhibited substantial recovery of synaptic poten tials (Fig. 5) . The neuroprotective effects of hypo thermia were statistically significant in all hypother mic groups when compared with the normothermic conditions (Fig. 5 ). There were, however, no signif icant differences among the different hypothermic groups with respect to the extent of neuronal recov ery.
DISCUSSION
Hypothermia has long been described as provid ing a protective effect against ischemic/hypoxic neuronal damage (e.g., Hirsch et aI., 1957) . In prac tice, however, the application of hypothermia is limited by numerous systemic complications which are related directly to the intensity and duration of hypothermia (Steen et aI., 1979; Schubert, 1992) . More recent experimental evidence indicates that mild, short-term, carefully controlled hypothermia can reduce ischemic injury in the brain (Busto et al., 1987) . This important observation has rekindled in terest in hypothermia as a therapeutic treatment and has led to a variety of studies investigating the protective effects of mild to moderate hypothermia. Consequently, the optimal means for manipulating the timing, degree, and duration of hypothermia re mains a matter of debate.
Hypothermia and evoked responses: prehypoxic and intrahypoxic effects
Under normoxic conditions, synaptic responses were attenuated in a temperature-dependent man ner. The shorter-latency, non synaptic component of the evoked response was also attenuated by hy- pothermia, but to a lesser extent. These findings are similar to those from studies of hippocampal slices in which the amplitude of evoked responses was reduced by lowered temperature (Schiff and Som jen, 1985; Tanimoto and Okada, 1987; Shen and Schwartzkroin, 1988) . Electrophysiological changes under hypoxic con ditions have been investigated in some detail in brain slices. In general, synaptic potentials disap pear first during hypoxia, followed by the loss of nonsynaptic potentials such as fiber volleys and an tidromic potentials (Lipton and Whittingham, 1979; Hansen, 1985; Dong et aI., 1988; Balestrino et aI., 1989; Arai et aI., 1990) . Our studies with neocortical slices showed a similar sequence of events; the syn aptic component of the evoked waveform was lost before the nonsynaptic component during hypoxia. Hypothermia delayed the hypoxia-induced loss of both components of the evoked response. The evoked responses were therefore maintained longer during hypoxia despite a general reduction in their size under hypothermic conditions.
Hypothermic effects on hypoxic depolarization
Perhaps the most critical event in the cerebral response to hypoxia is a precipitous and profound depolarization (i.e., HD) which is associated with massive calcium entry into neurons (Hansen, 1985; Somjen et aI., 1990 ). This event is of particular im portance because substantial elevation of intracel lular calcium is believed to trigger cellular mecha nisms underlying hypoxic/ischemic cell death. In the present studies, hypothermia delayed the onset of HD in neocortical slices. The latency to HD was approximately doubled by mild hypothermia whereas deeper levels of hypothermia increased the delay in a progressive manner. Loss of the nonsyn aptic component of evoked responses occurred concomitantly with HD and was therefore delayed by hypothermia as well. These findings provide the first evidence that mild hypothermia prolongs the latency to HD, and demonstrate a good correlation between the depth of hypothermia and the delay to onset of HD.
Posthypoxic recovery of synaptic responses
Synaptic responses recovered fully in nearly all slices when reoxygenation was established immedi ately following HD. Thus, both normothermic and hypothermic slices recovered equally despite the fact that hypothermic slices were subjected to sub stantially longer periods of hypoxia. This observa tion is consistent with the concept that HD repre sents a critical juncture in the response to hypoxia (Ballestrino and Somjen, 1986) and that treatments which prolong the delay to HD can be neuroprotec tive.
Previous studies have shown that synaptic trans mission does not recover when brain slices are maintained under hypoxic conditions for more than a few minutes following HD (Balestrino et aI., 1988; Arai et aI., 1990; Arlinghaus et aI., 1991) . The issue of whether hypothermia can influence posthypoxic outcome by extending the survivable period of con tinuous HD was also examined in the present stud ies. In these experiments, slices were maintained under hypoxic conditions for a period that persisted until 20 min after the onset of HD. Thus, although the total duration of hypoxia was longer in the hy pothermic groups, the period of hypoxic challenge under HD was equivalent in all groups of slices. Excitatory synaptic transmission did not recover in normothermic slices treated in this manner; how ever, hypothermic slices were significantly pro tected. Improved posthypoxic recovery of synaptic responses was observed under hypothermic condi tions as mild as 2-3°C, but no additional protective effects were observed by deepening the level of hy pothermia. Mild hypothermia is therefore sufficient to extend the period of continuous HD from which neurons are capable of recovering, but deeper hy pothermia does not appear to enhance this effect.
Mechanisms of hypoxic protection by hypothermia
The mechanisms underlying hypothermic neuro protection are not fully understood. A reduction in cellular metabolism has been suggested as the pri mary mechanism allowing hypothermic tissue to survive hypoxic/ischemic challenge (e.g., Berntman et aI., 1981; Chopp et aI., 1989) . The increased de lays to loss of synaptic responses and HD described here are consistent with a mechanism of this type. It is important to note, however, that several recent studies have not observed significant differences in metabolic rate during ischemia at different temper atures (Busto et aI., 1987; Natale and D'Alecy, 1989; Sano et aI., 1992) . The role of hypothermic changes in metabolic rate as a mechanism for neu roprotection therefore remains to be established.
Another major focus of recent research is the role of excitatory neurotransmitter release on isch emic/hypoxic cell injury. It has been reported that hypothermia inhibits the ischemia-induced release of excitatory amino acids (Busto et aI., 1989b; Baker et aI., 1991) . In our studies, excitatory syn aptic responses were attenuated by hypothermia. This finding is consistent with reduced transmitter release but could be due to other aspects of the transmission process, such as changes in receptor sensitivity or postsynaptic depolarization.
Recent studies examining posthypoxic neuronal recovery indicate that successful neuroprotection can be achieved by targeting different aspects of the hypoxic response. For example, some drugs protect brain tissue by prolonging the delay to hypoxic de polarization and thus shortening the amount of time spent in a depolarized state (Balestrino and Somjen, 1986) . In contrast, other treatments can enhance posthypoxic recovery without affecting the delay to hypoxic depolarization (Arai et aI., 1990; Arling haus et aI., 1991) . The current studies suggest that hypothermia exerts its neuroprotective influence by affecting at least two stages of the hypoxic re sponse. First, it substantially prolongs the latency to RD. This delays the massive elevation of intra cellular calcium, a critical event contributing to neuronal death. Secondly, hypothermia extends the duration of RD which can be tolerated by neurons. The mechanism underlying this effect is unknown but may be related to an attenuation of intracellular, calcium-activated events which contribute to neu ronal death. Taken together, these findings support the hypothesis that neuroprotection by hypother mia is achieved through multiple mechanisms acting during different stages of the hypoxic response. Al though the present studies utilized an in vitro test system, the findings may provide insights into the duration and intensity of hypothermia required for neuroprotection under ischemia. Thus, better neu roprotection could be expected with deep hypother mia during the early phase of an ischemic insult, whereas mild hypothermia would be fully effective during the later ischemic and postischemic periods.
